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A B S T R A C T
The effects of soybean extracts were investigated in senescence-accelerated (SAMP10) mice,
a mouse model of brain senescence with cognitive dysfunction. Mature soybeans are usually
yellow. However, the green soybean retains green color after being ripened. Cognitive
functions were significantly better-preserved in aged mice fed green soybean than age-
matched control mice with or without yellow soybean feeding. Molecular mechanisms of
the beneficial effect of green soybean on brain functions were examined through transcriptome
analysis of SAMP10 hippocampus. The high expression of Ptgds was significantly associ-
ated with green soybean diet, which encodes lipocalin-type prostaglandin D2 synthase, a
putative endogenous amyloid β(Αβ)-chaperone. In consonance, Aplp1 expression was sig-
nificantly reduced, a member of amyloid precursor proteins. Furthermore, the amount of
Aβ 40 and 42 was reduced in the insoluble fraction of cerebral cortex. These results suggest
that the intake of green soybean ameliorates cognitive dysfunction of aged mice through
the reduction of Aβ accumulation.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Antioxidative and anti-inflammatory diets play a role in
the defense system against pathogenesis of several diseases,
including neurodegenerative disorders (Joseph, Cole,
Head, & Ingram, 2009; Leonardo & Doré, 2011; Wojcik,
Burzynska-Pedziwiatr, & Wozniak, 2010; Xie et al., 2011). The
brain is highly susceptible to oxidative damage and gener-
ates abundant free radicals as physiological products of cellular
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metabolism (Sanz et al., 2005; Serrano & Klann, 2004).We have
previously reported that green tea catechins, potent antioxi-
dants, decrease oxidative damage to DNA and suppress brain
dysfunction using a mouse model of accelerated senescence,
SAMP10 (Unno, Takabayashi, Kishido, & Oku, 2004; Unno et al.,
2007). This mouse line has a short life span and exhibits a
neuronal loss in later life (Shimada, 1999; Shimada, Keino, Satoh,
Kishikawa, & Hosokawa, 2003; Shimada et al., 2002). The level
of superoxide anion was higher in the brain of SAMP10
mice than age-matched controls (SAMR1) of normal longev-
ity (Sasaki, Unno, Tahara, & Kaneko, 2008).Although the activity
of superoxide dismutase (SOD) did not change, the glutathi-
one peroxidase activity was lower in the brain in aged SAMP10
mice (Kishido et al., 2007). These results suggest that oxida-
tive damage increased with aging. In fact, DNA oxidative
damage in aged SAMP10 was higher than in age-matched
controls (Unno et al., 2004, 2007). Therefore, SAMP10 mice are
a useful model for studying the effect of antioxidative and
anti-inflammatory components on the brain function.
Although the levels of amyloid peptide have not been re-
ported in SAMP10, the level of amyloid β1−42(Αβ42) has been
shown to increase in aged SAMP8, another strain of SAMP (Del
Valle et al., 2010). Since both strains of mice exhibit cognitive
dysfunction with aging, it is of interest to examine Aβ in
SAMP10. Monomeric Aβ has no known direct toxicity, and is
immediately catabolized under normal condition. In con-
trast, soluble Aβ oligomers are well known as the most toxic
Aβ form (Goure, Krafft, Jerecic, & Hefti, 2014; Sancesario et al.,
2012). Insoluble Aβ has been proposed to be an in vivo mecha-
nism for removal of soluble Aβ having relatively low toxicity.
However, dysmetabolism of Aβ leads to pathological deposi-
tion upon aging. Aβ42 aggregates more readily than amyloid
β1−40(Aβ40), and is thought to seed the formation of fibrils,
which then acts as templates for plaque formation. There-
fore, in the present study, Aβ oligomers eluted by RIPA
buffer as soluble Aβ (Sancesario et al., 2012; Zhang et al.,
2011),and total amounts of soluble and insoluble Aβ40 and 42
were measured.
Soybean (Glycine max L.) contains isoflavones, proteins, oli-
gosaccharides, dietary fibers and minerals. Several beneficial
effects of these components have been reported on cognitive
function and oxidative damage (Ahmad, Ramasamy, Jaafar,
Majeed, & Mani, 2014; Feng et al., 2012; Katayama, Imai,
Sugiyama, & Nakamura, 2014; Kato-Kataoka et al., 2010; Neese
et al., 2012, 2014; Qian et al., 2012; Rettberg et al., 2011).While
yellow soybeans, the most abundant soybeans, have mainly
been studied, green soybeans are recently reported to have
immune-modulating (Katayanagi et al., 2013) and anti-
inflammatory effects (Takahashi et al., 2005). Soybean seeds
are usually green before harvesting and become yellow during
maturation. However, the green soybean retains its green color
of the seed coat cotyledon after ripening. Immature soybean
of light green color, Edamane, is not the green soybean in the
present study.We examined the effect of green soybean on brain
aging using SAMP10 mice in comparison with yellow soybean.
In this study, we focused on the expression profiling of
lipocalin-type prostaglandin D2 synthase, Ptgds, coded in Ptgds
and amyloid precursor-like protein 1, Aplp1, coded in Aplp1,
from the initial transcriptome study. Ptgds is one of the most
abundant proteins in the cerebrospinal fluid. As Ptgds binds
and transports small lipophilic molecules such as retinal,
retinoic acid (Tanaka et al., 1997), biliverdin, bilirubin
(Beuckmann et al., 1999) as well as Aβ, it has been proposed
as the endogenous Aβ chaperone (Kanekiyo et al., 2007). Ptgds
may play an important role in the development of dementia
and of Alzheimer’s disease (AD) (Hansson et al., 2009; Maesaka
et al., 2013). Aplp1 is a homologue of the amyloid precursor
protein, APP, which is causally involved in AD. APP and Aplp2,
another homologue of APP, are ubiquitously expressed at a high
level in the brain, while Aplp1 expression is neuron specific
(Walsh et al., 2007). Aplp1 is also reported to predominantly
localize to the plasma membrane (Gersbacher et al., 2013).
2. Materials and methods
2.1. Materials and animals
Japanese cultivars of green soybean (‘Echigomidori’) and yellow
soybean (‘Fukuyutaka’) were used. Soybeans (10 g) crushed into
a powder were dispersed with 100 mL of distilled water by
stirring at 90 °C for 2 h and filtered. The soluble portion was
freeze-dried and used as the soybean extract for experi-
ments. The yield from soy powder was 35%.
The isoflavone concentration was analyzed by high perfor-
mance liquid chromatography (HPLC). Isoflavones were
extracted in hot water from green and yellow soybean samples.
The filtered extraction, 10 µL, was subjected to HPLC. Quanti-
tative analyses were performed on Inertsil ODS-3 reverse phase
C-18 column (250 mm × 4.6 mm, 5 µm, 120 Å, GL sciences Co.,
Tokyo, Japan) at 35 °C, using a 70-min linear gradient of 13–
35% acetonitrile (v/v) in aqueous solution containing constant
0.1% acetic acid. For quantitative soyasaponin analysis, defat-
ted samples were placed in a vial and 3 mL of a dimethyl
sulfoxide:methanol (1:1, v/v) solution was added. Vials were
capped and wrapped with sealing tape and incubated in an
oven for 72 h at 50 °C. Then, the samples were sonicated for
15 min at 50 °C and allowed to stand at room temperature for
1–2 h.An aliquot was removed from the vial and filtered through
a 0.45-µmnylon filter (Waters,Milford,MA, USA) for HPLC analy-
sis. The column used for soyasaponins was an Inertsil ODS-3
reverse phase C-18.Total chlorophyll and carotene concentra-
tions were analyzed by the HPLC method (Liu, Blumberg, &
Chen, 2014). Briefly, a HyPURITY C18 column (150 mm × 4.6 mm
i.d., 5 µm particle size) and a quaternary mobile phase com-
posed of water, methanol, acetonitrile and acetone were used
with different gradient conditions.
Male SAMP10/TaSlc (SAMP10) mice were purchased from
Japan SLC (Shizuoka, Japan) and kept under conventional
conditions in a temperature- and humidity-controlled room
with a 12-h light/dark cycle (light period, 08.00–20.00 h; tem-
perature, 23 ± 1 °C; relative humidity, 55 ± 5%). SAMP10 is a
senescence-prone inbred strain (Shimada, 1999; Shimada et al.,
2002, 2003). Mice were fed a normal diet (CE-2; Clea, Tokyo,
Japan) containing 0–6% soybean extract and water ad libitum.
All experimental protocols were approved by the University
of Shizuoka Laboratory Animal Care Advisory Committee
(approval number: 136068) and were in accordance with the
guidelines of the US National Institutes of Health for the care
and use of laboratory animals.
346 j o u rna l o f f un c t i ona l f o od s 1 4 ( 2 0 1 5 ) 3 4 5 – 3 5 3
2.2. Experimental designs
Mice were grouped into 5 (n = 12 mice per group). Six mice were
housed per cage. Mice were fed a CE-2 diet containing 1.5, 3.0
or 6.0 (w/w%) green soybean extract and 3.0% yellow soybean
extract, from 1 to 12 months of age. Doses (1.5–6.0%) were de-
termined according to the previous report using green soybean
extract (Katayanagi et al., 2013). That is, immune-modulating
activities were significantly improved in mice fed diet con-
taining 5.0% green soybean extract. Control mice were fed a
diet without soybean extract. Food intake was measured twice
a week and the mean amount was calculated. Learning
and memory abilities were measured at 11 and 12 months of
age by a step-through passive avoidance task. Mice were sac-
rificed at 12 months of age to obtain the whole brain. Brain
samples were immediately frozen in liquid N2 and stored at
−80 °C.To investigate the effect of green soybean ingestion on
brain gene expression, hippocampus was used for the DNA
microarray analysis and quantitative real-time reverse-
transcription polymerase chain reaction (RT-PCR). The
primer sequences for Ptgds, Aplp1 and β-actin are listed in
Supplementary Table S1. Cerebral cortex was used for the
measurement of Aβ. The cerebral cortex and cerebellum were
used to measure oxidative DNA damage.
2.3. Measurement of oxidative damage in DNA
DNA was extracted under argon gas atmosphere (Unno et al.,
2004). In brief, the DNA fraction was treated with nuclease
P1 in 20 mM acetate buffer (pH 4.8) at 37 °C for 30 min and
subsequently treated with alkaline phosphatase in 50 mMTris-
HCl (pH 7.4) at 37 °C for 1 h. The reaction mixture was filtered
with Ultracel YM-10 (Millipore Co., Billerica, MA, USA). The
nucleoside fraction was analyzed by high-performance liquid
chromatography with an ODS column. The ratio of the peak
area of 8-oxodeoxyguanosine (8-oxodG) against that of
deoxyguanosine (dG) was obtained.The amount of 8-oxodG was
used as a measure of oxidative damage to DNA.
2.4. Memory acquisition and retention tests
A step-through passive avoidance task was carried out using
11-month-old mice (Unno et al., 2004). In brief, when a mouse
entered the dark chamber from the light side, the door was
closed and an electric foot shock was delivered at 50 µA for
1 s. Acquisition of the avoidance response was judged suc-
cessful when mice remained in the light chamber for 300 s.
The trial was repeated until the mice met the acquisition cri-
terion within five trials. The time spent in the light chamber
was subtracted from 300 s; the summed time was recorded as
the time required for learning (learning time).
One month later, 12-month-old mice were again exam-
ined to see whether they would remain in the light chamber
for 300 s. The number of mice that had met the acquisition
criterion (300 s) was recorded.
2.5. Measurement of DNA microarray and principal
component analyses
Total RNA was extracted from the hippocampus using an
RNeasy Mini Kit (Qiagen, Valencia, CA, USA). Total RNA was
processed to synthesize biotinylated cRNA using One-Cycle
Target Labeling and Control Reagents (Affymetrix, Santa Clara,
CA, USA) and then hybridized to a Total RNA Mouse Gene 1.0
ST Array (Affymetrix), with three biological repeats per group.
Raw data were parametrically normalized (Konishi, 2004) by
using SuperNORM data service (Skylight Biotech Inc, Akita,
Japan). The significance of soybean ingestion was statisti-
cally tested by two-way ANOVA (Konishi, 2011). The level of
significance used for the selection was 0.001. The raw and
normalized data were deposited in Gene Expression Omnibus
(accession code: GSE58811).
To compare the effects of green soybean ingestion with those
of control and yellow soybean, we performed principal com-
ponent analysis (PCA) on the ANOVA-positive genes (Konishi,
2008). To reduce the effects of individual variability among
samples, the axes of PCA were estimated on a matrix of each
group’s sample means and applied to all data, which were cen-
tered using the sample means of mice fed yellow soybean.The
methodology estimated the effects of ingredients by rotating
the original datamatrix around the control group: i.e., the yellow
soybean group, to fit perpendicular axes toward which most
of the variations in the data appeared.
2.6. Amount of Aβ40and 42
The level of Αβ in the cerebral cortex was measured using
ELISA kits, human/rat β amyloid (40) ELISA kit Wako II and
human/rat β amyloid (42) ELISA kit Wako, high sensitive
(Wako Pure Chemical Industries, Osaka, Japan). Brain samples
were prepared as described in Zhang et al. (2011) and Borchelt
et al. (1996) with some modifications. Approximately 100 mg
of cerebral cortex were homogenized at 4 °C in 1 ml of RIPA
buffer (Wako Pure Chemical Industries) in the presence of
protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA)
for the measurement of Αβ in the soluble fraction. Similarly,
ca. 100 mg of cerebral cortex were homogenized in 1 ml of 70%
formic acid to obtain soluble and insoluble fractions.
Homogenates were centrifuged at 100,000 × g for 1 h.The RIPA
buffer supernatant was diluted in buffer according to the
manufacturer’s instructions. The supernatant of 70% formic
acid was neutralized with a 20-fold dilution in 1 M Tris base.
Samples and standards were diluted in buffer according to the
manufacturer’s instructions. The protein content of samples
was determined with a protein assay kit (Bio-Rad Laborato-
ries, Richmond, CA, USA).
2.7. Statistical analyses
Data are expressed as mean ± SEM. The effect of green and
yellow soybean extract intake on learning ability, the expres-
sion levels of mRNA in real time RT-PCR and the levels of Aβ
in cerebral cortex were compared by one-way analysis of
variance (ANOVA) followed by the Bonferroni test for mul-
tiple comparisons. Statistical differences of these data were
considered to be significant at p < 0.05. In the transcriptome
analysis, the significance was statistically tested by two-way
ANOVA. The level of significance used for the selection was
p < 0.001.
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3. Results
3.1. Contents of soybean extracts
Green and yellow soybean extracts contain proteins, sugars,
lipids and isoflavones. Crude sugar and isoflavones were sig-
nificantly higher and crude protein and fat were significantly
lower in green soybean than yellow one (Fig. 1b and c).
Isoflavones in soybean extract were mostly glycosides such as
genstin and daidzin. The levels of genistein and daizein,
aglycones of genstin and daidzin, respectively, were very low
or not detected (Fig. 1c). The content of oligo sugars, espe-
cially sucrose, was significantly higher in green soybean than
in yellow one (Fig. 1d). The contents of saponin and carotene
in green soybean were slightly higher than in yellow one
(Table S2). Chlorophyll was not detected in both soybean ex-
tracts. The contents of other components were not different
between green and yellow soybeans (data not shown).
3.2. Learning and memory abilities and DNA
oxidative damage
Soybean feeding did not change the weight of body, liver or
cerebrum (Table S3). The average food consumptions of each
group were not different (Table S4). The time for learning not
to enter the dark room was measured at 11 months using a
step-through passive avoidance task. A longer learning time
implies lower learning ability. The learning time was signifi-
cantly shorter in mice fed green soybean extract than other
groups (F (4, 55) = 4.809, p = 0.0021; one-way ANOVA) (Fig. 2). One
month after the passive avoidance task, mice were tested to
determine whether they would remember the task. Mice fed
green soybean extract tended to retain avoidancememory better
than other groups (Table 1).
The levels of 8-oxodG in the cerebral cortex and cerebel-
lum were measured in mice that ingested 3% green or yellow
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Fig. 1 – Green soybeans show deep green colors of the seed
coat cotyledon when those were matured. Japanese
cultivars of green soybean (‘Echigomidori’) and yellow one
(‘Fukuyutaka’) are used in this experiment (a). Major
components (b), isoflavones (c) and oligo sugars (d) in green
and yellow soybean extracts are shown. Each bar
represents mean ± SEM (n = 2–3, * p < 0.05).
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Fig. 2 – Effect of intake of green and yellow soybean
extracts on learning ability of aged mice. Learning time
depicts the time needed to learn not to enter the dark
room. A longer learning time implies lower learning
ability. Each column represents the mean ± SEM
(n = 5–17, * p < 0.05).
Table 1 – Memory retention in mice that ingested
soybean extract.
Soybean % Memory
retention
(ratio)
Number
of mice
Control 0 0.500 20
Green 1.5 0.700 10
3.0 0.625 16
6.0 0.833 6
Yellow 3.0 0.462 13
Memory retention (ratio) = (number of mice that retained in the light
chamber for 300 s)/number of mice tested.
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soybean, which are presented as the number of 8-oxodG mol-
ecules per 100,000 molecules of dG. There was no difference
in the cerebral cortex, whereas green soybean diet showed the
tendency of lowering 8-oxodG in cerebellum (Fig. 3).
3.3. Transcriptome
DNA microarray data of green and yellow soybeans, obtained
using high-density oligonucleotide microarrays, showed 1437
positive genes based on two-wayANOVA (p < 0.001).These genes
were applied to PCA; the PC scores for each group and their
gene expression are shown simultaneously in a biplot (Fig. 4).
To observe differences caused by the color of soybean seed,
the yellow soybean group was used as the reference expres-
sion. The difference between green and yellow soybean
appeared along with PC1 axis, while effect of both green and
yellow soybean ingestion coincided with the PC2 axis.The mag-
nitude of the differences between two seed colors was larger
than the effect of soybean ingestion. Several genes that were
significantly up- or down-regulated following green soybean
ingestion are summarized in Table 2. Lipocalin-type prosta-
glandin D2 synthase (Ptgds) has been reported to be involved
in neuronal protection (Fukuhara et al., 2012; Kanekiyo et al.,
2007; Liang, Wu, Hand, & Andreasson, 2005). In addition, the
expression level of Aplp1, a member of amyloid precursor
protein (APP) was the lowest. These results were confirmed by
RT-PCR (Fig. 5).
3.4. Amounts of Aβ40 and Aβ42
Since Ptgds has been reported to be a major endogenous Aβ-
chaperone in the brain (Kanekiyo et al., 2007), brain Aβ was
measured to examine whether increased expression of Ptgds
might affect Aβ accumulation. The amount of Aβ40 and Aβ42
was measured using homogenates of the cerebral cortex from
12-month-old SAMP10 mice that ingested soybean extracts.
Aβ in soluble fractions was overall very low (Fig. 6). Both Aβ40
and Aβ42 were significantly lower in insoluble fractions in mice
fed green soybean than other two groups (Aβ40, F (4, 51) = 29.797,
p = 8.51 × 10−13; Aβ42, F (4, 51) = 15.110, p = 3.27 × 10−8; one-way
ANOVA) (Fig. 6a and b, respectively).
4. Discussion
Aβ is constantly produced from its precursor and immediately
catabolized under normal conditions, whereas dysmetabolism
ofAβ seems to lead to pathological deposition upon aging (Saido,
2013). Besides the correction of Aβ-dysmetabolism, an increase
of endogenousAβ-chaperone should lead to suppression ofAβ-
inducedneuronaldysfunction, resulting inpreventionof cognitive
dysfunction. Ptgds being a major endogenous Aβ-chaperone in
the brain (Kanekiyo et al., 2007), it may be possible that in-
creased Ptgds expression is a key factor for the beneficial effect
of green soybean on cognitive function.
In brain parenchyma, Ptgds is mainly expressed in oligo-
dendrocytes (Urade et al., 1993), and the expression of Ptgds
is regulated by estradiol directly and indirectly (Devidze,
Fujimori, Urade, Pfaff, & Mong, 2010; Mong et al., 2003). Soy
isoflavones (genistein and daizein) and the metabolite, equol,
bind to estrogen receptors (ER α/β) with higher affinity than
17β-estradiol (Adams, Aksenova, Aksenov, Mactutus, & Booze,
2012; Jiang et al., 2013), suggesting that green soybean
isoflavones may activate transcription of Ptgds through
binding of ER to estrogen response elements. Suppression of
aging-dependent accumulation of Aβ by ingestion of dietary
foods is an important strategy for prevention of cognitive
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Fig. 3 – DNA oxidative damage in brain of mice ingested
green and yellow soybean extracts. The levels of 8-oxodG
in the cerebral cortex and cerebellum were measured. Each
bar represents mean ± SEM (n = 3).
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Fig. 4 – Principal component analysis of gene expression.
PC ordination of ANOVA-positive genes based on the
transcriptome of hippocampal gene expression in mice fed
green (black circle) and yellow (gray square) soybean
extracts and control (white triangle), respectively (n = 3).
Each small dot represents each gene expression.
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dysfunction. Green soybean may be a good candidate for the
suppression of Aβ accumulation.
The higher content of isoflavones in green soybean com-
pared to yellow soybean may not solely explain the different
effect on learning ability and Aβ accumulation. Effective ab-
sorption of genistin and daidzin, main isoflavone glycosides
in green soybean, requires the conversion to aglycones such
as genistein and daidzein by intestinal flora (Nielsen &
Williamson, 2007). Daidzein is further converted to equol, an
activator of estrogen receptor. Hence aglycones production
depends on the activity of intestinal flora. On the other hand,
high amount of oligo sugar in green soybean may affect the
level of aglycones, because oligo sugars activate Bifidobacterium
in intestinal flora (Pokusaeva, Fitzgerald, & van Sinderen, 2011).
Additive effect of oligo sugars on intestinal flora may help
increase isoflavone aglycones and metabolites.
A number of studies of dietary supplementation have re-
ported that soybean improves cognitive function (Ahmad et al.,
2014; Katayama et al., 2014; Neese et al., 2014). However, the
most effective component and underlying mechanisms are
still not fully understood. Since soybean is a rich source of
vegetable proteins, phytoestrogens, oligosaccharides, and
dietary fibers, combinations of these components may exert
synergetic effects.
While the role of APP as a precursor of Aβ in the patho-
genesis of AD is well understood, a physiological role of APP
is still unclear. The APP gene family consists of three evolu-
tionarily conserved members: APP, Aplp 1 and 2. Since App,
Aplp1 and 2 participate in synaptogenesis under physiologi-
cal conditions via trans-cellular dimerization (Baumkötter,
Wagner, Eggert, Wild, & Kins, 2012), it is of interest to examine
a possible role of Aplp1 in synaptogenesis in the aged brain.
5. Conclusion
Cognitive dysfunctions were suppressed in aged mice fed green
soybean through the reduction of Aβ accumulation. Increased
expression of Ptgds together with a decrease in Aplp1 in the
brain suggests that green soybean extract may exert its
beneficial effects directly on Aβ formation.
Table 2 – Effect of soybean ingestion on gene expression in hippocampus.
Symbol Full name ΔZ p
Up-regulated Krtap4-13 Keratin associated protein 4–13 0.445 7.68E-04
Rps2 Ribosomal protein S2 0.422 2.45E-03
Ptgds Prostaglandin D2 synthase (brain) 0.396 5.46E-11
Krtap5-3 Keratin associated protein 5-3 0.333 1.54E-04
Scn9a Sodium channel, voltage-gated, type IX, alpha 0.299 3.25E-03
Nrbf2 Nuclear receptor binding factor 2 0.284 2.92E-04
Down-regulated Aplp1 Amyloid beta (A4) precursor-like protein 1 −0.943 1.06E-14
ATP6 ATP synthase F0 subunit 6 −0.442 2.44E-03
Nr4a1 Nuclear receptor subfamily 4, group A, member 1 −0.348 2.80E-14
Gm12191 Ribosomal protein L30 pseudogene −0.311 4.46E-03
Egr1 Early growth response 1 −0.305 8.86E-09
Rpl29 Ribosomal protein L29 −0.299 9.89E-04
ΔZ = expression level (green – yellow).
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Fig. 5 – Quantitative analysis of the mRNA expression of
Ptgds and Aplp1 in the hippocampus of mice that ingested
green and yellow soybean extracts and control mice. Each
bar represents mean ± SEM (n = 3, * p < 0.05).
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